Mutation and reassortment of highly pathogenic avian influenza A(H5N1) viruses at the animal-human interface remain a major concern for emergence of viruses with pandemic potential. To understand the relationship of H5N1 viruses circulating in poultry and those isolated from humans, comprehensive phylogenetic and molecular analyses of viruses collected from both hosts in Vietnam between 2003 and 2010 were performed. We examined the temporal and spatial distribution of human cases relative to H5N1 poultry outbreaks and characterized the genetic lineages and amino acid substitutions in each gene segment identified in humans relative to closely related viruses from avian hosts. Six hemagglutinin clades and 8 genotypes were identified in humans, all of which were initially identified in poultry. Several amino acid mutations throughout the genomes of viruses isolated from humans were identified, indicating the potential for poultry viruses infecting humans to rapidly acquire molecular markers associated with mammalian adaptation and antiviral resistance.
The emergence of highly pathogenic avian influenza (HPAI) A(H5N1) virus during 2003 in several southeastern Asian countries, including China, Indonesia, Thailand, and Vietnam, was marked by the expansion of several different hemagglutinin (HA) gene clades. Vietnam has been one of the more severely affected countries. A total of 119 confirmed human H5N1 virus infections were recorded in Vietnam between 2003 and 2010, 59 (49.6%) of which were fatal [1] . Despite incomplete epidemiological data for all cases, the large majority occurred after reported exposure to sick or dead poultry. Currently, there is little evidence that any particular HPAI H5N1 virus is more virulent in or transmissible among or between birds and humans. And, while certain protein motifs and amino acid residues have been implicated in enhanced virulence and transmissibility, overall, these traits appear to be multifactorial [2] . In Vietnam, most poultry infections were caused by viruses that belonged to clade 1 (genotype Z; VN3) with sporadic infections of clades 0, 3, and 5 [3] [4] [5] . Clade 2.3.4 (genotype Z and V) viruses gradually replaced clade 1 viruses in northern and central regions of the country between 2005 and 2010, when several introductions of clade 2.3.4 subgroups were identified in poultry [6, 7] . Despite incursion of new genetic groups in the northern and central regions of the country, including clade 2.3.2.1 in 2009-2010, clade 1 viruses remained dominant in southern regions during this time period [8] .
One Health studies to capture the genetic relationships of avian influenza virus collected specifically at the point of circulation in poultry and exposure to humans, the animal-human interface (AHI), have been limited due to a lack of available data from both host populations over mutual time periods. When available, however, analysis of such data can identify both shared and disparate genetic signatures among the 2 hosts and help to recognize mutations that may result in changes associated with mammalian adaptation or other risk factors such as resistance to antiviral drugs. To gain a better understanding of H5N1 evolution at the AHI, we performed systematic phylogenetic and molecular analyses of viruses collected from both humans and poultry in Vietnam between 2003 and 2010.
By first examining the temporal and spatial distribution of human cases relative to poultry outbreaks, and then linking this information to full genome sequence data using molecular clock phylogenetic methods, we identified closely related poultry viruses that likely resulted in human infections in Vietnam. Amino acid changes were then identified between these viruses and characterized in the context of their emergence following human infection. The genetic diversity of both poultry and human viruses collected from 2003 to 2010 was also analyzed to understand how the rapid expansion of some groups of viruses may have influenced the prevalence of outbreaks in poultry and associated human cases of H5N1.
METHODS

Virus Isolation and Sequencing
H5N1 viruses were isolated from positive human clinical specimens and poultry outbreak samples by inoculation into the allantoic sac of 9-to 11-day-old embryonated chicken eggs. RNA was extracted from virus-infected allantoic fluid 24 hours postinoculation using RNeasy Kit, following the manufacturer's protocol (Qiagen). Access Quick One-Step reverse-transcription polymerase chain reaction kit (Promega) and M13-tagged influenza specific primers were used to amplify each of the individual influenza segments. The amplicons were sequenced using dye-terminator chemistry and the Applied Biosystems 3730 system. Contigs were assembled using Sequencer 5.0 (Gene Codes). Specific viral isolation and sequencing protocols were described elsewhere [6, 8] .
Bayesian Phylogenetic Analysis
The datasets comprised all animal and human H5N1 viral sequences collected in Vietnam between 2001 and 2010. To perform dated phylogenies, we used a Bayesian Markov chain Monte Carlo (MCMC) method implemented in Beast 1.7.4. Each gene was analyzed using the codon-based SRD06 nucleotide substitution model and uncorrelated log-normal relaxed clock [9] . In cases of viral isolates for which precise collection time (month or day) information was missing, missing collection time (month or day) values were assigned midyear (July 1) or midmonth (day 15) values. The Bayesian skyline coalescent model was used to characterize the viral population dynamics. For each viral gene segment, we performed at least 2 Bayesian MCMC runs with 150-250 million generations sampled to produce 10 000 trees. Convergence of 2 runs was confirmed in Tracer 1.5; effective sample size counts >300 were considered sufficient for downstream analyses. Maximum clade credibility (MCC) trees were generated using TreeAnnotator after removing 10% burnin and were analyzed with FigTree. The temporal and spatial association between clades of avian and human viruses was also correlated and mapped using ArcGIS 10 software (Esri) (Figure 1 ). The dated phylogeny of the HA gene was used to identify the clade of each virus and the MCC tree was plotted relative to the monthly distribution of human cases and avian outbreaks and the relative HA genetic diversity (Figure 2 , Supplementary Tables 1-3 ).
Analysis of Amino Acid Differences at the Animal-Human Interface
Each codon complete amino acid sequence alignment was created by arranging sequences in the same order as in the MCC trees. These datasets were used to identify amino acid differences between human and closely related avian sequences of H5N1 viruses (ie, avian sequences belonging to the same genetic lineage and collected shortly before and after the human sequence). For each identified mutation, we recorded the residue position, the specific amino acid found in avian vs human sequences, and the number of avian vs human sequences in the respective group of the tree used for this analysis (Figure 3 , Supplementary Table 4) .
Neuraminidase Inhibition Assays
The drug concentration required to inhibit 50% of the neuraminidase (NA) activity (IC 50 ) was assessed by the fluorescent assay, as previously described [10] .The results were interpreted as outlined elsewhere [11] . Neuraminidase sequence alignments were created as described above to compare the presence of specific residues identified in closely related avian vs human viruses (Supplementary Table 5 ).
RESULTS
Epidemiology
Overall, 4489 H5N1 poultry outbreaks and 119 human cases were reported in Vietnam between 2003 and 2010 (Table 1, Figure 2A ) [1, 12] Figure 1 , and Supplementary Table 2 ). The number of human cases varied considerably during the study period; the most cases (n = 61) occurred in 2005 but declined to an average of only 6 cases per year from 2008 to 2010, which appeared to coincide with the number of poultry outbreaks reported (Table 1, Supplementary  Table 3) . Interestingly, the annual number of poultry outbreaks and human cases were highly correlated (correlation coefficient = 0.76).
H5N1 HA Gene Diversity
Phylogenetic analysis of the HA gene of H5N1 viruses circulating in poultry that also resulted in human infections identified 6 clades (clades 1, 1.1, 2. Figure 2A-G) . 
H5N1 Genotypes Identified in Poultry and Human Viruses
Mutations Between Poultry and Human H5N1 Viruses
An analysis of the HA amino acid changes at the AHI was performed to identify putative molecular determinants of human infections. Specifically, we examined amino acid changes between human and related animal sequences, and noted a mutation in humans if the human amino acid was different than the one found in the related animal sequences identified at the time of the human infection and belonging to the same monophyletic group in the phylogenetic tree. We next examined frequencies of these amino acid residues in humans relative to avian sequences ( Figure 3 , Supplementary Table 4) . We found 34 HA amino acids that may have occurred after avian viruses infected humans. However, most of these mutations (n = 24) were detected in individual human viruses and may only represent sporadic changes. Interestingly, 18 of the 24 human amino acid residues were not present in any avian H5 HA protein sequences, and 4 other human amino acid residues were identified in only a single avian sequence (Figure 3 ). Of note, 3 amino acids occurred in >1 human virus, yet 2 of these 3 amino acids (residues 188 and 326) were found in a large number of avian H5 HA protein sequences as well. All human and avian isolates had Gln and Gly at position 222 and 224, respectively, at the receptor-binding pocket of HA1, indicating affinity for avian cell-surface receptors. The analysis of amino acid differences between the internal proteins of human and animal H5N1 influenza viruses in Vietnam confirmed that the Glu to Lys mutation at residue 627 of the PB2 protein has a critical role in the ability of avian H5N1 viruses to replicate in humans [13, 14] . The Lys residue was found in 20 of the 37 human PB2 protein sequences isolated from humans in Vietnam. Asn at position 701 of PB2 was detected in 2 of the 17 viruses that lacked the 627 Lys residue, supporting its role in mammalian adaptation as well. Of note, the Lys at residue 627 was found in only 1 of 195 avian PB2 proteins and Asn at residue 701 was not found among the 195 avian PB2 proteins, suggesting that these mutations were most likely frequently selected following human infection. Combined, we found that 167 internal gene amino acid residues were detected in human viruses compared to avian counterparts, representing potential adaptive mutations. However, 121 of these substitutions were found in only a single human virus ( Figure 3, Supplementary Table 4 ). Only 3 amino acid substitutions occurred in H5N1 influenza protein sequences belonging to distinct lineages. These were mutations at amino acid residue 86 found in 3 PA proteins belonging to lineages A (n = 2) and D (n = 1); amino acid residue 11 found in 2 PA-X proteins also of A and D lineages; and amino acid residue 429 found in 5 NA proteins belonging to lineages D (n = 4) and A (n = 1). We identified 9 other amino acid residues of potential public health interest based on the increased number of human sequences (between 2 and 4) with these residues and their lower prevalence in avian protein sequences (Figure 3, Supplementary  Table 4 ).
Susceptibility to Antiviral Drugs
M2 sequences (n = 604) were inspected for established markers of resistance to adamantanes. Clade 1, 1.1, and 7 viruses from both poultry and humans were resistant to this drug class due to changes Ser31Asn and/or Val27Ala; however, the frequency of these mutations was low (0-5%) among other clades (data not shown). Viruses that caused human infections in Vietnam were resistant to adamantanes, if they belonged to clade 1.1 (n = 29); however, those not belonging to this clade were susceptible (n = 26).
NA sequences (n = 655) were analyzed to find the only established oseltamivir-resistance marker, His275Tyr; it was found only in the sequences of 2 previously reported viruses, a clade 1 virus recovered from an oseltamivir-treated patient [15] and a clade 2.3.2.1 virus collected from a bird [10] . Notably, 34 of the sequences analyzed in this study (5%) contained substitutions previously associated with potentially reduced susceptibility to NA inhibitor(s) (Supplementary Table 5 ). Of those, one had Val116Ala [16, 17] [18] , and 5 had Ser247Asn [16] . Among the most frequent substitutions were those at Ile223 [19] (n = 14/36); 3 viruses harbored substitutions at both Ile223 and Ser247. Ile117Lys was present in a single clade 1 virus while Ile117Val was present in 14 clade 2.3.4.3 viruses from 2007 to 2008. The latter substitution was present in viruses recovered from birds, a civet, and 2 humans. Notably, the 2 human Ile117Val viruses were collected from residents of 2 different provinces who were not treated with oseltamivir. One of the 2 cases was fatal [20] . Ile117Val was associated with an approximately 3-fold increase in oseltamivir IC 50 (vs the median IC 50 = 7.4 nM). However, the result of the NA inhibition assay can be interpreted as reduced inhibition (≥10-fold), if the IC 50 value (2.4 nM) of the drug-susceptible A(H1N1) virus was used as the reference (Table 3) .
DISCUSSION
A systematic analysis of H5N1 viruses isolated in Vietnam between 2003 and 2010 allowed us to examine the evolutionary changes of these viruses and identify differences between H5N1 viruses at the AHI over time. Our spatial and temporal analysis of H5 outbreaks in Vietnam indicated that human infections occurred in regions with increased circulation of the virus in poultry [3, 7, [21] [22] [23] [24] . With one exception of a human H5N1 infection in 2009, all other H5N1 human cases diagnosed between 2003 and 2010 coincided with H5 poultry outbreaks reported in the same or an adjacent province. Although follow-up investigations were carried out after some a If a change in IC 50 is <10-fold, then the virus is concluded to have normal inhibition by the neuraminidase inhibition assay; 10-to 100-fold is reduced inhibition (shown in bold); and >100-fold is highly reduced inhibition relative to the IC 50 of the median by clade-specific (shown in bold) [11] .
human cases were detected, the surveillance activities that detected poultry outbreaks were performed independent of the human cases. Thus, the correlation between human case detection and poultry outbreaks did not appear to be a result of sampling bias in this respect. Analysis of protein sequences of H5N1 viruses circulating in Vietnam identified amino acid mutations that occurred at the AHI. We found that amino acid residue 627 of the PB2 protein was associated with adaptation of H5N1 viruses in humans. This key finding validates our overall analytical approach given that the PB2 Glu627Lys mutation at the AHI is well established as a marker of mammalian adaptation. We also identified additional mutations that arose specifically at the AHI of H5N1 viruses. However, in only a few instances did the same mutation occur in multiple, genetically distinct viral proteins, and none were as prevalent as the PB2 Glu627Lys mutation. It is likely that H5N1 virus mutations that arise at the AHI depend on the genetic background of the virus. Due to the increasing variability of H5N1 viruses, it is expected that a broad spectrum of molecular changes can occur at the AHI, yet at a relatively low prevalence in the overall virus population. The small number of recurring amino acid mutations at the AHI may also be explained by the limited genetic fitness of H5N1 viruses in humans or the possibility that some mammalian adaptive mutations were lost following virus isolation in chicken eggs. Nevertheless, the study provided a catalogue of amino acid mutations identified at the AHI, which may help future molecular-based surveillance in Vietnam and elsewhere to quickly identify substitutions associated with adaptation to mammalian hosts. Results from laboratory-generated H5N1 strains showed that only a small number of amino acid mutations were sufficient for the virus to acquire aerosol transmission between ferrets. Thus, the identification of putative markers of mammalian adaptation in nature remains critical for virus risk assessment [25] [26] [27] . Similar observations (eg, spatial and temporal overlap of H5N1 poultry outbreaks and human cases and the close genetic relationships between the viruses) were made in other countries where a large number of outbreaks and human detections have occurred, but to date these studies have been limited to a small number of virus sequences from both avian and human hosts for direct comparison [28] [29] [30] [31] .
We also investigated the susceptibility of H5N1 viruses to influenza antiviral medications. A drastic, clade-specific difference was observed in the frequency of the molecular markers for adamantane resistance. Notably, all adamantane-resistant human infections in this study were caused by the viruses from the clades with the highest frequency of drug resistance (eg, clade 1.1). The mutations associated with adamantane resistance (Ser31Asn and/or Val27Ala) were detected irrespective of the host species. In addition to the NA His275Tyr substitution, the sole established marker of oseltamivir resistance, several other NA substitutions, with potential to alter susceptibility to NA inhibitor(s), were identified in avian viruses from various clades. Some mutations were shown to reduce the ability of drugs to inhibit the viral NA activity. Furthermore, this study found that poultry viruses carrying the Ile117Val substitution were able to transmit to humans and cause a fatal outcome. H5N1 viruses with reduced susceptibility to antiviral medications pose a serious public health threat because of the limited therapeutic options and because of the ability of drug-resistant viruses to gain evolutionary advantage and spread among both poultry and humans.
Our study presents a comprehensive analysis of H5N1 virus evolution at the AHI in Vietnam between 2003 and 2010. We found a strong temporal and spatial correlation between the emergence of H5N1 viruses in poultry and their transmission to humans. The limited molecular changes in H5N1 viral proteins detected at the AHI support the hypothesis that human cases in Vietnam were the result of direct transmission from poultry with little evidence of adaptive mutations being fixed in the virus population. Despite a significant decrease in the number of H5 influenza virus poultry outbreaks in Vietnam in recent years, sustained control measures remain critical to limit the spread in poultry and sporadic human infections in Vietnam, especially following the emergence of H5N6 clade 2.3.4.4 viruses in the country. Surveillance and characterization of avian influenza viruses remain imperative to One Health efforts of identifying and implementing effective public health and animal health control and prevention measures in Vietnam.
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